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h (x, y, t) = η (x, y, t) − b (x, y, t)
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Ωt = { x = (x, y, z) / (x, y) ∈ ω
!#1A
b (x, y) ≤ z ≤ η (x, y, t) }.
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(x, y, z, t)
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t̂ = t, x̂ = x, ŷ = y
!#1A
ẑ = σ (x, y, z, t) ,
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σ(x, y, η(x, y, t), t) = 1
σ(x, y, b(x, y, t), t) = 0 ∀ (x, y, t) ∈ ω × I.
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Ω̂ = { x̂ = (x̂, ŷ, ẑ) / (x̂, ŷ) ∈ ω
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σ (x, y, z, t) =
z − b (x, y, t)
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dδ) = 0 .
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a (z2k + z
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a (z2k + z
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∆zk+1/2 = zk+1 − zk
]"+}-3&
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Ât : Ω̂ −→ Ωt, x(x̂, t) = Ât(x̂)
(5>
x = x̂, y = ŷ
!#1A
z = Z (x, y, ẑ, t) ,
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Z(x, y, 0, t) = η(x, y, t), ∀ (x, y, t) ∈ ω × I,
























.- ,  	   2  
<;
	 4
 6   =  25= =  <4  =6 4  6 	; 2 = = 









Ĵt (x, y, ẑ, t) =
∂Z
∂ẑ



























x̂ = A−1t (x).
cMi 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= Ĵ −1t .
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U · n = 0
-3






















































<$'&BZR p$l1$'&<$J+}-3&<$`!#6U-{F$:$'d1$;"!#&7!#6 A$'&>E[!#>EF$:@>Z@<$'&BD@>d1$ 8!#&<$:7!#+t&U!#BD$[RT81$







































































































































































































































































































































































 &u   P * #" W	(" % &d
( #"	"









>lAL )C/'06><->B{6$'BD$'W=R  1$'&;!#01-3&<l"!=EF$4+.-/'01<$:A-3n9L<$'BDx"!#l(*-306A^m$`6$:UxU$'1>>EF$




















































Z : Ω̂ × I −→ Ωt
U!#M+.9W>?
{
Z(x, y, 0, t) = η(x, y, t),























k = 1, . . . , (Nl − 1)
]"!#1AZ^G9
∆ẑk+1/2 = ẑk+1 − ẑk
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ω × [ẑk, ẑk+1] × I

Zk+1/2 (x, y, ẑ, t) =
∆zk+1/2(x, y, t)
∆ẑk+1/2
(ẑ − ẑk) + zk (x, y, t) ,
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∆zk+1/2 (x, y, t) = zk+1 (x, y, t) −





{zk (x, y, t) / k = 1, . . . , Nl}
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z1 (x, y, t) = bh (x, y, t) ,
zNl (x, y, t) = hh (x, y, t) ,













Âh,t : Ω̂ −→ Ωh,t, x(x̂, t) = Âh,t(x̂)
(5>
x = x̂, y = ŷ
!#1A
z = Zh (x, y, ẑ, t) ,
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k = 1, . . . , (Nl − 1)
zk (x, y, t) = hh (x, y, t) ẑk + bh (x, y, t)
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zk (x, y, t) =
(
z4 − bh (x, y, t)
ẑ4
)
ẑk + bh (x, y, t)
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1 ≤ k < 4,
z4 (x, y, t) = c4,
z5 (x, y, t) = c5,
zk (x, y, t) =
(
ηh (x, y, t) − z5
1 − ẑ5
)
(ẑk − ẑ5) + z5
+.-3&









zk (x, y, t)
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k = 1, . . . , (Nl − 1)
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k = 1, . . . , (Nl − 1)

Ĵh (x, y, ẑ, t) =
∂Zk+1/2
∂ẑ
(x, y, ẑ, t) =















Ĵk+1/2 (x, y, t) =
∆zk+1/2 (x, y, t)
∆ẑk+1/2
>
ω, ∀t ∈ I .
cGFe
81$;>W<$'?[&U!#6w-#+*!#G9dALU/'&<$'<$;+.01/'-3
































   5 î½ï[ðñ òóêñ7ôìXõ'é[êWðñ¶òóîóé[ô ñ[ôë÷ø¿ù õ'é[êWðú®ÿnñ7òóîlé[ôõ'é[ê
3
 õWêTææìWú®êEõ'ñ¶ûæbü4é[è2ì













 -0/  =  8	 = / =6& 4  2 	  4 8	 4
 6(406	 	6&476  $&	 406

















x(m)0 100 200 300 400 500

















 - ,  = 8	 = , 	
	 =8  4
 6  	*:	  4	 =  2 	?8@=2 476 	
3  89;   =  $&	 406 " 4  	
 	6&<406  " 		 = -
y8<$:Q/=!3<$P(T$!#>B <-v&<$'EF$=!#6s1$!#B{6>"/=!#-3-#+f1$PG0BD$'&/=!#6 ALrqm01-3ZAL01$P<-v1$PBD-EF$JI
BD$'W4-#+51$CBD$:2]f!#1Ao1-=( "!#;>`m-[<>^6${<-dB{>>B{>=$C;1$'1-3BD$'1-3^W9 Y>?z<-3BD$













































η = η0 cos (kπx) cos (ωt) ,
u = ω η0
cosh (kπ(z +H))
sinh (kπH)
sin (kπx) sin (ωt) ,
v = 0 ,
w = −ω η0
sinh (kπ(z +H))
sinh (kπH)
cos (kπx) sin (ωt) ,
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z(m)
a) Classical sigma grid
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a) Classical sigma grid
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